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Abstract

Tumors are complex cellular and acellular environments within
which cancer clones are under continuous selection pressures.
Cancer cells are in a permanent mode of interaction and competi-
tion with each other as well as with the immediate microenviron-
ment. In the course of these competitive interactions, cells share
information regarding their general state of fitness, with less-fit
cells being typically eliminated via apoptosis at the hands of those
cells with greater cellular fitness. Competitive interactions involv-
ing exchange of cell fitness information have implications for
tumor growth, metastasis, and therapy outcomes. Recent research
has highlighted sophisticated pathways such as Flower, Hippo,
Myc, and p53 signaling, which are employed by cancer cells and
the surrounding microenvironment cells to achieve their evolution-
ary goals by means of cell competition mechanisms. In this review,
we discuss these recent findings and explain their importance and
role in evolution, growth, and treatment of cancer. We further
consider potential physiological conditions, such as hypoxia and
chemotherapy, that can function as selective pressures under
which cell competition mechanisms may evolve differently or
synergistically to confer oncogenic advantages to cancer.
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Introduction

Cell competition (CC) is an active cell selection mechanism that
promotes elimination of the viable but suboptimal cells in the pres-
ence of more competitive neighbors. The primary observations of
CC were drawn from experiments investigating the impact of a class
of mutations in ribosomal protein (Rp) encoding genes termed
Minutes in the developing Drosophila wing disk (Morata & Ripoll,
1975). Cells with Rp heterozygous mutations were viable on own
but had lower division capacity due to reduced protein synthesis
compared to their wild-type (WT) counterparts. In genetic mosaic
wing disks comprised of WT and MT cells, the wing disk is over-
taken by the fast-dividing WT clones (winners), suggesting clones
with higher division potential grow at the expense of their growth-
deficient neighbors (losers) (Morata & Ripoll, 1975). Elimination of
the weaker populations proceeds through apoptosis (Prober &
Edgar, 2000; Moreno et al, 2002), specifically at the interface with
their faster growing counterparts, suggesting CC is an active process
enacted by short-range cellular interactions (Moreno et al, 2002).
The same phenomena of CC-based elimination of growth-deficient
cells were demonstrated in mice (Oliver et al, 2004), evincing CC as
a highly conserved and important mechanism employed by multi-
cellular organisms. CC is now understood to act as a result of fitness
comparisons, in which cellular fitness status is qualified by various
parameters not limited to growth. Importantly, competition hinges
upon relative and not absolute fitness and is determined by cues of
the tissue microenvironment (Moreno et al, 2002; Rhiner et al,
2010). This is particularly highlighted by the demonstration of
supercompetition, in which normal WT cells are outcompeted by
highly competent neighbors. This facet of CC was identified in the

Champalimaud Centre for the Unknown, Lisbon, Portugal

CLWNOUAWN P

iy

Department of Biochemistry, West Virginia University School of Medicine, Morgantown, WV, USA
Department of Surgery, School of Medicine and Public Health, University of Wisconsin, Madison, WI, USA

Department of Cardiac Development and Remodelling, Max Planck Institute for Heart and Lung Research, Bad Nauheim, Germany

Department of Human and Molecular Genetics, School of Medicine, Virginia Commonwealth University, Richmond, VA, USA

VCU Massey Cancer Center, School of Medicine, Virginia Commonwealth University, Richmond, VA, USA

VCU Institute of Molecular Medicine, Virginia Commonwealth University, School of Medicine, Richmond, VA, USA

Department of Medicine, USC Norris Comprehensive Cancer Center, Keck School of Medicine, University of Southern California, Los Angeles, CA, USA

Biotech Research and Innovation Centre (BRIC), University of Copenhagen, Copenhagen North, Denmark

Faculty of Health and Medical Sciences, Novo Nordisk Foundation Center for Stem Cell Biology, DanStem, University of Copenhagen, Copenhagen North, Denmark

*Corresponding author. Tel: +351 910224399; E-mail: esha.madan@research.fchampalimaud.org
**Corresponding author. Tel: +351 910225386; E-mail: eduardo.moreno@research.fchampalimaud.org
***Corresponding author. Tel: +351 910225386; E-mail: rajangogna@gmail.com; rajan.gogna@bric.ku.dk; rajan.gogna@research.fchampalimaud.org

These authors contributed equally to this work
This article is part of the Cancer Reviews 2021 series.

© 2021 The Authors

The EMBO Journal 40: 10727112021 1 of 15


https://orcid.org/0000-0003-4792-4131
https://orcid.org/0000-0003-4792-4131
https://orcid.org/0000-0003-4792-4131
https://orcid.org/0000-0002-2924-9630
https://orcid.org/0000-0002-2924-9630
https://orcid.org/0000-0002-2924-9630
https://orcid.org/0000-0001-5040-452X
https://orcid.org/0000-0001-5040-452X
https://orcid.org/0000-0001-5040-452X
https://orcid.org/0000-0001-7304-7692
https://orcid.org/0000-0001-7304-7692
https://orcid.org/0000-0001-7304-7692

The EMBO Journal

fly wing by overexpression of the Drosophila homolog of Myc
(dMyc), a master regulator of cell growth and division, which
resulted in apoptosis of WT cells and compensatory proliferation of
fast-growing dMyc-overexpressing supercompetitors (Moreno &
Basler, 2004). CC as a mode of quality control plays important roles
in the selection for the most robust cell populations during develop-
ment (Claveria et al, 2013; Diaz-Diaz et al, 2017; Hashimoto &
Sasaki, 2019), organ size control (de la Cova et al, 2004), and main-
tenance of tissue homeostasis to regulate tissue regeneration (Oertel
et al, 2006), and aging (Merino et al, 2015; Liu et al, 2019a). Studies
on CC have offered important insights into how distinct cellular
populations respond to each other and have provided a unique lens
to explain various facets of cancer biology (Eichenlaub et al, 2016;
Suijkerbuijk et al, 2016; Di Giacomo et al, 2017; Madan et al,
2019b; Moya et al, 2019). In this review, we discuss the basic mech-
anisms of homeostatic CC and how subversion of these mechanisms
can result in cancer. We further focus on the recent discoveries that
reveal the role of CC in a) CC between tumor and its microenviron-
ment and b) intratumoral CC. In this review, we summarize the
instances where CC is involved in the interactions between tumor
and peritumoral cells, as they are crucial to the initial events of
tissue transformation and subsequent tumor outgrowth and inva-
sion. Additionally, we hypothesize that due to intratumoral CC,
distinct cancer clones become more competent under selection pres-
sures such as chemotherapy and this results in a more aggressive
tumor with enhanced therapy resistance.

Cell competition general mechanisms

Since the original findings of CC identified in Drosophila, several
additional studies have elaborated on key concepts such as how
cells recognize fitness and trigger CC, genes and pathways involved
in CC, and the various modes of elimination of the suboptimal cells
(Table 1). The following mechanisms are discussed herein.

The trophic factor theory

This theory posits that homeostatic cell density is achieved by
competition for the limited signaling cues in a tissue space. Herein,
the more fit cells (winners) have a higher capacity to obtain
growth/pro-survival signals and thus proliferate compared to their
less-fit neighbors (losers), which undergo apoptosis. In the Droso-
phila wing, Rp-WT cells outcompete their slower-growing Rp-MT
neighbors for decapentaplegic (Dpp) survival factor, a crucial
morphogen for cellular division, tissue growth and correct pattern-
ing. Deficient Dpp signaling in Rp-MT cells resulted in lowered
proliferation and activation of JNK-induced apoptosis (Moreno et al,
2002) (Fig 1A). Rp-MT cells display lowered protein translation
rates (Moreno et al, 2002) and thus presumably reduced metabolic
activity, which may account for diminished ability to capture Dpp
ligands. In agreement, additional work has shown that loser cells
displayed lower protein synthesis and a reliance on autophagy in
association with downstream apoptosis via JNK signaling and Hid
activation (Nagata et al, 2019). Mouse embryonic stem cells lacking
the bone morphogenetic (BMP)-receptor are non-responsive to
secreted BMPs, the mammalian homologs of Dpp, are deemed
defective, and are outcompeted by WT neighbors. However, these
losers did not display defects in autophagy (Sancho et al, 2013).
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Additionally, the dependency of extracellular growth cues to initiate
competition is in question given the inconclusive role of competition
for Dpp capture in dMyc-mediated CC (Moreno et al, 2002; de la
Cova et al, 2004). And secondly, indirect competition based on
trophic theory does not account for compensatory hyper-
proliferation of winner cells subsequent to apoptosis of loser cells.

One study showed just how homeostatic CC maintains tissue fit-
ness status quo and suppresses dysfunction--and specifically how
this is achieved based on affinity for environmental cues. The ability
to transduce IL-7 signals was found to select youthful T-cell progeni-
tors at the expense of old progenitors in the mouse thymus. Lack of
the II-7-receptor on young progenitors obviates this mode of CC and
results in accumulation of the old T-cell progenitors, leading to the
development of T-cell acute lymphoblastic leukemia (T-ALL)
(Martins et al, 2014). This demonstrates that loser cells, by respond-
ing poorly to growth and survival factors present in the extracellular
environment, are outcompeted by winner cells, independently of
direct cell—cell interactions (Table 1).

Mechanical cell competition

Cells in any tissue space are members of a mechanical environment
generated by forces from cell-cell contacts and the surrounding
extracellular matrix. Slower or faster growing clones, relative to
their surrounding neighbors, experience mechanical stress
(Shraiman, 2005). Tissues have adopted various mechanisms to
relieve this stress by balancing proliferation with elimination.
Mechanical CC regulates the selection of the eliminated cells and, in
some contexts, operates as a form of supercompetition (Levayer
et al, 2016). In the Drosophila notum, cellular overcrowding, driven
by conditional expression of activating RasV12 mutations, resulted
in the compaction and subsequent outcompetition of neighboring
WT cells via apoptosis, followed by delamination. Unlike other
forms of CC described, this mode of mechanical supercompetition
was not locally constrained and delamination was observed up to
three cell diameters away from RasV12-mutant clones (Levayer
et al, 2016). Later work showed that mechanical CC eliminated the
normal cells in between RasV12-mutant clones via compaction-
driven downregulation of epidermal growth factor (EGFR)/
extracellular-regulated kinase (ERK) signaling. Tissue relaxation or
densification also resulted in ERK downregulation, which suggests
that ERK is not modulated simply by cellular density, but instead
tissue strain rate (Moreno et al, 2019). In mammalian cells,
polarity-deficient MDCK cells generated by knockdown of the apico-
basal polarity and tumor suppressor gene, Scribble (Scrib®P), were
hypersensitive to compaction and were eliminated via apoptosis
upon cellular overcrowding. Compaction of Scrib®P relayed a
mechanical stress response via Rho kinase (ROCK) and actin and
myosin upregulation, in line with previous studies showing
cytoskeletal proteins interpret and respond to mechanical stress in
apoptotic epithelia (Rosenblatt et al, 2001). Eliminated MT cells
displayed ROCK-induced p38 stress signaling concomitant with high
p53 expression, indicating that through compaction, mechanical CC
supports removal of damaged cells (Wagstaff et al, 2016), poten-
tially exploiting p53 as a sensor (Table 1). Altogether, these studies
suggest that cells may have differential sensitivity to compaction
that depends on their sensitivity to apoptosis. Mechanical CC seems
to exploit these parameters to eliminate the relatively less-fit
population. Thus far, mechanical CC does not appear to hinge upon
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Table 1. Summary of CC pathways and model systems.
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Animal Tissue type/ Described
Gene CC type model organ in cancer Molecular mechanism References
Dpp Trophic Drosophila Wing disk No Rp-MT are outcompeted by Rp-WT owing to Moreno et al (2002)
factor reduced Dpp-mediated anti-apoptotic signaling
theory
11-7 Trophic Mouse Thymus Yes (T-ALL) Old (loser) progenitor cells are replaced by young Martins et al (2014)
factor (winner) progenitor cells by competing for IL-7
theory
Scribble Unknown Canine MDCK Cells No Scribble-deficient cells are engulfed by WT cells Ohsawa et al (2011)
mechanism with |NK-activated phagocytic pathways
Scribble Mechanical Canine MDCK Cells No ROCK/p38/p53 mediated elimination of Scribble Norman et al (2012)
cC knockdown cells by surrounding WT cells Wagstaff et al (2016)
Rasv12 Mechanical Drosophila Pupal notum No RasV12 cells induce compaction and elimination Moreno et al (2019)
cC midline of WT cells through the downregulation of ERK
signaling in loser cells
Rasv12 Mechanical Canine MDCK cells No RasV12-transformed cells undergo in Warburg-like Kon et al (2017)
cc metabolic changes when surrounded by WT cell,
which promote their elimination through apical
extrusion
Rasv12 Mechanical Mouse Intestine No RasV12 cells harbor metabolic changes that Kon et al (2017)
cC epithelium promote their apical extrusion by winner cells
Rasv12 Mechanical Canine MDCK cells No Filamin and vimentin mediated extrusion of Kajita et al (2014)
cC RasV12- and Src-transformed loser cells by WT
winner cells
Src Mechanical Canine MDCK cells No Filamin and vimentin mediated extrusion of Kajita et al (2014)
cC RasV12- and Src-transformed loser cells by WT
winner cells
Src Mechanical Zebrafish Embryos No Filamin and vimentin mediated extrusion of Kajita et al (2014)
cC RasV12- and Src-transformed loser cells by WT
winner cells
Sas- Activation of  Drosophila Imaginal disks No Transactivation of Sas-PTP10D signaling leads to Yamamoto et al
PTP10D receptor- Scribble MT cell elimination through JNK apoptotic (2017)
mediated signaling
cell death
TRRs Activation of  Drosophila ~ Wing disk, No The secreted factor Spatzle activates TRRs in Meyer et al (2014),
receptor- imaginal disks RpL14”+ cells, leading to the activation of NF-kB- Alpar et al (2018),
mediated mediated apoptosis Byun et al (2019),
cell death Katsukawa et al
(2018)
dFwe Fitness Drosophila Imaginal disks No Fwe(Ubi) eliminates Fwe(Lose) cells via activation Rhiner et al (2010),
fingerprints of Azot- and Hid-mediated apoptosis Merino et al (2015)
hFWE Fitness Human Cancer cells, Yes Fwe-Win eliminates Fwe-Lose cells via activation Madan et al (2019)
fingerprints xenografts (multiple) of apoptosis
SPARC Fitness Drosophila Imaginal disks Yes SPARC transiently inhibits the activation of Portela et al (2010)
Fingerprints caspase in Flower-Lose cells
dmMYC Unknown Drosophila  Wing disk No MYC-high cells eliminate through apoptosis Moreno and Basler
mechanism neighbor MYC-low cells (2004)
c-MYC Unknown Mouse Embryo (epiblast) Yes MYC-high cells eliminate through apoptosis Claveria et al (2013)
mechanism neighbor MYC-low cells
c-MYC Unknown Human Cancer cells Yes MYC-high cells eliminate through apoptosis Di Giacomo et al
mechanism neighbor MYC-low cells (2017), Patel et al
(2017)
Yki Unknown Drosophila  Wing disk No Yorkie (YAP homolog) expression activates dMyc Ziosi et al (2010)
mechanism promoting supercompetition causing the
elimination of WT cells
YAP/TAZ Unknown Mouse Glioblastoma Yes Glioblastoma cells with high expression of YAP Liu et al (2019)
mechanism outcompete cells with lower expression
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Animal Tissue type/ Described
Gene CC type model organ in cancer Molecular mechanism References
YAP/TAZ Unknown Mouse Liver Yes Peritumoral cells with high YAP/TAZ activation Moya et al (2019)
mechanism induce apoptosis in liver tumor cells with
relatively less YAP/TAZ to suppress tumor
outgrowth. High YAP/TAZ-liver tumor cells can
also outcompete low-expressing normal
hepatocytes and result in tumor growth.
YAP/ Unknown Mouse Embryo (epiblast No Embryonic cells with high YAP/TEAD activity Hashimoto and
TEAD mechanism and embryonic eliminate their neighbors with lower YAP/TEAD Sasaki (2019),
fibroblasts) activity Mamada et al (2015)
Wingless Unknown Drosophila Imaginal disks No Cells with Wingless (WNT homolog) overactivation Vincent et al (2011)
mechanism eliminate surrounding cells with low Wingless
activity
WNT Unknown Mouse iPSCs No During reprograming, cells derived from WNT- Shakiba et al (2019)
mechanism expressing cells establish clone dominance
APC Unknown Drosophila Intestine Yes Cells with loss of APC eliminate WT cells and Suijkerbuijk et al
mechanism epithelium cause growth of intestinal adenomas (2016)
APC Unknown Human Intestinal 3D Yes APC~/~ intestinal stem cells secreted WNT Flanagan et al (2021),
mechanism and organoids; in vivo antagonists that induced differentiation of nearby van Neerven et al
mouse adenoma WT cells in organoids and resulted in tumor (2021)
formation in mice formation in mice.
NOTCH Unknown Mouse Esophageal Yes Cells with loss of NOTCH signaling outcompete Alcolea and Jones
mechanism epithelium their WT neighbors (2015)
TP53 Unknown Mouse Embryo (epiblast) No p53 represses mTOR which induces loser cell Bowling et al (2018)
mechanism elimination
TP53 Unknown Mouse Hematopoietic No In an irradiated niche, low-expressing p53 HSPCs Bondar and
mechanism stem cell and outcompete high-expressing p53 HSPCs, which Medzhitov (2010)
progenitors become senescent
(HSPCs)
TP53 Mechanical Drosophila Wing disk No p53 acts as a sensor for cells with less resistance Wagstaff et al (2016)
cC to apoptosis by mechanical stresses in
overcrowded tissue
TP53 Unknown Mouse Irradiated Following radiation, epithelial Mutant p53 Fernandez-Antoran
mechanism epidermis and progenitors rapidly expand at the expense of wild- et al (2019), Murai
esophagus type p53 progenitors et al (2018)
mTOR Unknown Mouse Embryo (epiblast) No p53 represses mTOR which induces loser cell Bowling et al (2018)
mechanism elimination
BMP Similar to Mouse Embryo (epiblast) No Defective BMP cells express lower MYC and are Sancho et al (2013)
trophic eliminated from the epiblast
factor
EGFR Unknown Drosophila Imaginal disk Yes EGFR-overexpressing supercompetitors generate Eichenlaub et al
mechanism aggressive tumors and induce apoptosis in (2016)
surrounding normal epithelium
JAK-STAT Unknown Drosophila Imaginal disk and No Cells with hyperactive STAT signaling function as Rodrigues et al
mechanism eye supercompetitors that induce apoptosis in wild- (2012)

type cells

List of cell competition genes identified, their mechanism, the organism/tissue/cell type employed to study, role in cancer, and summary of key findings.

Representative findings for each gene have been included to briefly summarize.

short-range modes of molecular exchange of soluble signaling
cues or membrane-bound fitness fingerprints (Levayer et al, 2016;
Wagstaff et al, 2016; Moreno et al, 2019).

Activation of receptor-mediated cell death

This mode of CC proceeds through direct cell-cell contact in which
a ligand-receptor system at the interface between competing cells
drives elimination of losers or via ligands secreted by winner cells
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that directly activate cell death in loser cells. In Drosophila, this
mode of CC can be observed in Scribble-deficient (scrib™’") epithe-
lial cells that have loss of apico-basal polarity (Table 1). When
scrib™~ (MT) cells come in contact with WT cells, the ligand
stranded at second (Sas) on WT and the surface receptor PTP10D
on MT cells re-localize laterally, resulting in transactivation of Sas-
PTP10D signaling (Yamamoto et al, 2017). As an outcome, EGFR
signaling is inactivated, while JNK pro-apoptotic pathway is induced
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Figure 1. General mechanisms of cell competition.

(A) Model of indirect CC based on trophic theory: Growth-deficient ribosomal protein gene cells (RP*”) are outcompeted by wild-type cells (Rp

Taylor M Parker et al

*/*) based on their

reduced ability to capture trophic factors, such as Dpp, essential for their survival. Dpp allows cells to block the activation of apoptotic pathways and maintain a

+/—

proliferative state. The lower capacity of growth-deficient RP

cells to obtain Dpp leads to the activation of |NK apoptotic signaling and ultimately their replacement

by wild-type cells that efficiently capture Dpp ligands. (B) Model of Mechanical theory: Mechanical-based cell competition regulates cell growth and survival. Differential
sensitivities to mechanical forces in epithelial tissues results in elimination of suboptimal cells by their healthy neighbors, and compensatory gain of winners to the
tissue space. At the molecular level, in suboptimal cells, the high levels of stress and deformation downregulate ERK signaling and increase the expression of the
apoptotic proteins p38, p53, and Hid. Suboptimal cells undergo apical extrusion, or apoptosis, and optimal cells expand. (C) Model of Death Receptor theory: Healthy cells
can induce the elimination of suboptimal mutant neighbors by activation of cell surface ligand-death receptor pairs. scribble (scrib)’/’ MT cells expressing PTP10D
receptor contact WT epithelial cells expressing surface ligand, Sas inducing transactivation of Sas-PTP10D signaling and subsequent EGFR inactivation and JNK pro-
apoptotic signaling in scrib~'= loser cells, and compensatory proliferation of WT cells. Eiger (TNF superfamily member) activates I]NK-dependent cell death in scribble
polarity mutants. (D) Model of cell competition via fitness fingerprints. Neighboring cells compare their fitness status through the expression of fitness fingerprints, such
as transmembrane Flower proteins. Flower Win-expressing cells recognize Flower Lose-expressing suboptimal cells. Consequently, Flower Lose upregulates Azot, which
induces caspase-dependent apoptosis. In some cases, suboptimal cells can increase the expression of SPARC to antagonize Flower Lose-mediated apoptosis and

transiently prevent cell death.

in MT cells, thereby eliminating the polarity-defective transformed
cells (Fig 1C). Though these cells express both death ligands and
receptors at their membranes, the activation of death signals is only
observed in loser cells (Yamamoto et al, 2017). Elimination of
polarity-mutant losers in Drosophila epithelia was also shown to
depend upon Eiger, the Drosophila tumor necrosis factor (TNF), and
downstream JNK activation (Igaki et al, 2009).

Toll receptor signaling provides another compelling example by
which winner cells eliminate adjacent loser cells by direct activation
of cell death in losers. Current evidence suggests that this immuno-
logical process inhibits tissue growth and regulates cell fitness
during infection (Germani et al, 2018). However, it is widely
reported to be repurposed for non-infectious cell selection (Meyer
et al, 2014). In Drosophila wing disks, forced Myc expression or
Minute-induced competition in RpL14/" cells leads to Toll-related
receptors (TRRs) activation by the secreted factor Spatzle, leading to
NF-kB mediated apoptosis (Meyer et al, 2014; Alpar et al, 2018).
This behavior can also be mimicked in a cancer-like invasive pheno-
type in Tai-expressing Drosophila pupal wings, where its expression
induces Spatzle-Toll-mediated apoptosis of loser cells and invasion
by winner cells in the thoracic region (Byun et al, 2019). In contrast,
in scrib™/~ clones that are extruded (discussed later) from imaginal
epithelia, TRR activation transforms these loser scrib™’~ cells into
winners by activation of Hippo signaling and prevention of cell
death(Katsukawa et al, 2018) (Table 1).

Fitness fingerprints

Mechanistic detection of cellular fitness remains unclear. Thus far,
the only fitness-sensing mechanism identified is the Flower (Fwe)
“fitness fingerprints”, which are highly conserved transmembrane
proteins that directly communicate fitness status and drive competi-
tion (Table 1) (Rhiner et al, 2010; Madan et al, 2019b). In Droso-
phila, there are three alternately spliced Flower isoforms: Fwe'?,
Fwer*se4 and Fwe"**¢5. The ubiquitous form, Fwe'™, is constantly
expressed. Under competitive stress, Fwe?’ is downregulated and
Fwel**A and Fwe"**® are upregulated in loser cells that undergo
apoptosis (Rhiner et al, 2010). Importantly, membrane Flower-°s
presence does not autonomously induce apoptosis and Flower
cells are not eliminated when surrounded by Flower**® neighbors
(Rhiner et al, 2010). Secondly, Flower ¢ cells can upregulate the
expression of secreted protein acidic and cysteine-rich protein
(SPARC), which inhibits caspase induction of apoptosis as a tran-
sient defense against elimination (Portela et al, 2010). Thus, SPARC

Lose
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may serve as defense against unnecessary purging, particularly as
means to counteract supercompetition. In contrast, loser cell upreg-
ulation of the gene, Azot, especially in weakened cells with dimin-
ished SPARC, ensures competitive elimination by apoptosis (Merino
et al, 2015) (Fig 1D). Interestingly, expression of Flower=>*¢, Azot,
and SPARC is impacted by various triggers of competition and
supercompetition such as modulation of Dpp morphogen signaling
or dMyc expression, and genetic mutation in genes encoding riboso-
mal proteins (Rp mutants) (Rhiner et al, 2010; Merino et al, 2015).
This suggests the Flower code of fitness fingerprints and its down-
stream players are a common, tunable read-out of cellular fitness
likely functional in many tissue systems as means to continuously
survey cellular status and rid suboptimal cells.

Flower is a highly conserved gene, and this fitness-sensing
program also occurs in mammals (Rhiner et al, 2010; Madan et al,
2019b). In humans, the Fwe locus generates four isoforms: two
hFwe"™ and two hFwe . Two Flower isoforms (hFWE2 and
hFWE4) behave as Flower-Win proteins, whereas the other isoforms
(hFWE1 and hFWE3) behave as Flower-Lose proteins. Like in Droso-
phila, hFwe-Lose-expressing cells are viable in a homotypic environ-
ment. However, when confronted by hFwe-Win-expressing cells,
Lose cells are outcompeted and undergo apoptosis. Human Flower-
mediated competition requires contact between Win and Lose cells
and was not dependent on soluble signal exchange (Madan et al,
2019b) (Table 1).

Other mechanisms

Several additional gene pathways have been implicated in CC, but
do not fit the mechanisms as described above. We do not yet under-
stand how interacting cells sense the imbalance in these pathways
or whether these pathways fit within a larger scheme of signaling
events underlying CC. In general, differential expression or activity
of the following gene pathways result in differences in growth,
proliferation, polarity, and/or survival that generates competitive
interactions between the neighboring cells. These include Myc (de
la Cova et al, 2004; Claveria et al, 2013; Di Giacomo et al, 2017;
Diaz-Diaz et al, 2017), Ras and Src (Kajita et al, 2010; Kajita et al,
2014), Scribble (Norman et al, 2012), Mahjong with Lgl (Tamori
et al, 2010), TEAD and YAP/TAZ (Hashimoto & Sasaki, 2019; Moya
et al, 2019), Wnt/Wg (Vincent et al, 2011; Suijkerbuijk et al, 2016;
Akieda et al, 2019; Flanagan et al, 2021; van Neerven et al, 2021),
Janus Kinase (JAK)-signal transducer and activator of transcription
(STAT) (Rodrigues et al, 2012), Notch (Alcolea & Jones, 2015),
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EGFR (Eichenlaub et al, 2016; Moreno et al, 2019), mTOR (Bowling
et al, 2018), and p53 (Bondar & Medzhitov, 2010; de la Cova et al,
2014; Bowling et al, 2018; Murai et al, 2018; Fernandez-Antoran
et al, 2019) (Table 1). The most well studied example is CC induced
by imbalances in the activity of Myc, a transcription factor that posi-
tively impacts proliferation and growth. High Myc-expressing cells
act as supercompetitors and outcompete low Myc-expressing or
wild-type cells (de la Cova et al, 2004; Moreno & Basler, 2004;
Claveria et al, 2013; Di Giacomo et al, 2017; Diaz-Diaz et al, 2017).
Myc-mediated competition appears to require direct contact, but one
study noted dMyc-mediated competition across several cell diame-
ters (de la Cova et al, 2004). Additionally, the role of molecule
exchange or diffusible signal is under debate (Claveria et al, 2013;
Sancho et al, 2013). Some evidence suggests dMyc-mediated compe-
tition is through competition for Dpp capture; however, growth cues
appear to be an incomplete mechanism (de la Cova et al, 2004).
Thus, there are still many missing pieces in how cells infer fitness
based on Myc status as well as the other pathways listed. Extensive
crosstalk exists between these pathways—i.e., Myc and YAP/TAZ
have been shown to cooperate to promote CC-based elimination
(Hashimoto & Sasaki, 2019), and p53 status has been identified as a
sensor in various mechanisms of CC (de la Cova et al, 2014;
Wagstaff et al, 2016; Bowling et al, 2018). Additionally, differential
signaling in dMyc, WNT/Wg, and JAK-STAT instigates CC via
Flower fitness sensing (Rhiner et al, 2010).

Cell competition between tumor and its
microenvironment

Surveillance and clearance of abnormal or transformed cells is an
absolutely essential process for tissue maintenance and tumor
prevention. Given its role in the detection and culling of aberrant
cells, CC has been proposed to serve as a brake to tumorigenesis. In
this section, we will discuss the mechanisms by which CC prevents
neoplastic tumor development. We will also discuss how failure of
homeostatic CC within the tissue microenvironment releases the
break and facilitates clonal expansion of transformed cells into
subsequent frank carcinoma. Secondly, we discuss how in some
contexts cancer cells hijack CC mechanisms and act as supercom-
petitors resulting in tumor outgrowth at the expense of normal
tissue. Moreover, we frame CC mechanisms in the context of tumors
as complex ecosystems to hypothesize how CC may regulate intratu-
moral CC, particularly under hypoxia and following therapy.

Cell competition suppresses tumorigenesis

For the majority of epithelial cancers, a tumor develops from a
single transformed cell. How the transformed cell and its early
clonal expansion evade regulatory features imposed by its tissue
microenvironment is not well understood. However, tissues appear
to harbor intrinsic tumor suppressive features to rid mutant, pre-
tumoral cells. One process, epithelial defense against cancer
(EDAC), is an active mechanism whereby WT cells sense and elimi-
nate newly transformed cells (Kajita et al, 2010; Kajita et al, 2014;
Kon et al, 2017). Importantly, this elimination of abnormal cells
occurs only in the presence of normal cells and fails if an entire
epithelium becomes comprised of mutants (Kon et al, 2017). This
phenomenon is similar to the principles of CC. Using MDCK cells, a
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non-transformed mammalian epithelial cell line, it was shown that
Src-activated or Rasv12-transformed cells underwent apoptosis-
independent apical extrusion from the monolayer when co-cultured
with WT cells (Hogan et al, 2009; Kajita et al, 2010; Kajita et al,
2014; Kon et al, 2017). MT cell extrusion is an active process driven
by accumulation of the cytoskeletal proteins, filamin and vimentin,
within normal cells at their interface with the mutants (Kajita et al,
2014) (Fig 2A). Simultaneously, dysfunctional cells display notable
differences in height, morphology, and elasticity accompanied by
altered expression of cytoskeletal proteins and mechanotransduction
cues required to extrude the cell (Kajita et al, 2010; Kajita et al,
2014). Additionally, normal cells can alter the metabolic profile of
dysfunctional or transformed cells to further promote their extrusion
(Kon et al, 2017). The efficiency of live-cell extrusion to prevent
tumorigenesis in different tissue types, including those without
inherent clearance mechanisms (i.e., clearance of outcompeted cells
with waste in the intestine), is for debate. On this note, clearance of
outcompeted transformed cells may proceed through engulfment of
live outcompeted cells or their corpses. For example, in Drosophila
imaginal epithelia with scrib deletion, the WT cells were found to
engulf the scrib~/~ loser cells via non-apoptotic JNK signaling,
demonstrating that engulfment may be another mechanism by
which the neoplastic loser cells are eliminated (Ohsawa et al, 2011)
(Fig 2A-b). Additionally, losers can undergo apoptosis prior to
apical extrusion by active CC (Norman et al, 2012; Wagstaff et al,
2016). Polarity mutant cells generated by knockdown of Scribble
(scrib®P) are outcompeted by their WT neighbors and undergo p38-
mediated apoptosis, followed by apical extrusion (Norman et al,
2012) (Fig 2C). Scrib®P cells in contact with WT neighbors were
hypersensitive to mechanical stress from tissue overcrowding, due
to their elevated baseline p53 signaling, which marked them as
losers. Contact with WT cells compacted scrib®” into high-density
arrangements, with subsequent activation of p38 stress signaling
and further upregulation of p53, driving their apoptotic elimination
and extrusion from the epithelial monolayer (Wagstaff et al, 2016)
(Fig 2A-c).

These models of tumorigenesis using Drosophila epithelia had
shown that the fate of mutant cells relies upon direct interactions
between them and their normal neighbors. EDAC mechanisms have
also been demonstrated using RasV12 mosaics within the mouse
intestine, pancreas, and lung epithelia. Single RasV12 mutants
confronted by an otherwise normal epithelium underwent apical
extrusion, in support of similar RasV12 manipulations in vitro (Kon
et al, 2017; Sasaki et al, 2018). MT cell extrusion blocked develop-
ment of tumors. However, in a highly inflammatory microenviron-
ment, which is a major driver of several malignancies, EDAC-based
CC fails and RasV12 mutants are retained, resulting in tumors
(Sasaki et al, 2018). Crosstalk between a tumor and its microenvi-
ronment was investigated in depth further by genetic manipulation
of the CC factors YAP/TAZ using a mouse model of liver cancer
(Moya et al, 2019). Upregulation of YAP/TAZ is frequently observed
in human cancers (Zhou et al, 2016) and high YAP/TAZ has previ-
ously been shown to generate supercompetitors (Hashimoto &
Sasaki, 2019). Mouse liver tumors harboring high levels of active
YAP/TAZ were generated and predictably grew at the expense of
peritumoral tissue, which showed signs of apoptosis. However,
when YAP was hyper-activated in peritumoral normal hepatocytes,
tumor growth was not only strongly suppressed, but tumor cells
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Figure 2. Cell competition between newly transformed cells and normal neighbors.

(A) (a). Epithelial defense against cancer (EDAC): a) EDAC supports removal of newly transformed cells with activated RasvV12 or Src mutations by neighboring normal
cells. Normal cells upregulate filamin and vimentin at border of transformed cell, inducing pressure on transformed cell. Rasv12 or Src mutants undergo live-cell apical
extrusion. (b) Polarity-defective Scribble™'~ mutants undergo JNK-mediated apoptosis in presence of wild-type (WT) cells. Concurrently, WT cells activate JNK signaling
resulting in activation of phagocytic pathways. WT cells engulf apoptotic Scribble™~ mutants, eliminating them from the tissue space. (c) In a separate mechanism, the
presence of WT cells induces activation of p38 and p53 apoptotic signaling in Scribble™’~ mutants, resulting in their apoptotic elimination from epithelia. (B) Cell
competition between tumor and adjacent stromal cells. Tumor cells take advantage of competition mechanisms to promote their survival and eliminate stromal cells.
Loss of APC and NOTCH or upregulation of fitness-enhancing genes such as MYC in tumor cells generates supercompetitors that outcompete their wild-type neighbors.
Tumor cells expressing the fitness fingerprint Flower Win (Fwe-Win) can sense and eliminate via apoptosis Fwe-Lose-expressing stromal cells, resulting in tumor
outgrowth at the expense of normal tissue. Increased activation of YAP in peritumoral epithelial cells (red epithelial cells) leads to the apoptosis of tumor cells in a mode
similar to EDAC to suppress tumor outgrowth. RasV12 mutants act as supercompetitors and outcompete surrounding normal cells via mechanical compression-induced
apoptosis. This can potentially facilitate the formation of tumors. (C) Tumor evolution based on cell competition principles: Clones evolve through advantageous driver
mutations and competition mechanisms impact clonal dominance. During the early stages of tumor growth, distinct clones develop within their unique niches selected
for by the microenvironment. As subclones engage in various forms of competition, this results in expansion of winner clones at the expense of loser clones (represented
by empty cell-outlines of dead loser cells being replaced by neighboring winner cells marked by arrows). A late stage tumor is dominated by select highly aggressive
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subclones that have outcompeted losers through rounds of cell competition.

enclosed by YAP-activated hepatocytes were apoptotic (Moya et al,
2019) (Fig 2B). These results suggest that supercompetitor normal
cells can overtake oncogenic growth mechanisms of tumor cells and
that a tissue microenvironment with high fitness has the capacity to
restrain tumor growth.

Cell competition promotes mutant clonal expansion and tumor
formation

Cancer cells are characterized by uncontrolled cellular division as
they invade into the surrounding stroma. One possible mechanism
by which the tumor manipulates its microenvironment to accom-
plish invasion is to exploit CC to create space by outcompeting and
eliminating the non-malignant neighbors. This phenomenon is
particularly interesting given recent findings that CC can occur
between different cell types, i.e., between epithelial cells and fibrob-
lasts, which are a major cell type in the stroma of various tissues
(Madan et al, 2019b). Cells with a supercompetitor status generate
clones capable of expansion into fields of mutant cells, at the
expense of normal cells, often with no changes in tissue morphol-
ogy. This is very similar to a process known as field cancerization
in which mutant clones expand into fields, at the expense of normal
cells, often with no accompanied changes in tissue morphology.
Overtime, these fields can develop into malignant tumors assuming
additional accumulation of genetic mutations (Braakhuis et al,
2003). In a mechanism independent of fitness sensing or selection,
oncogene-activated cells exploited mechanical compression as a
form of supercompetition to cause crowding-induced cell death
randomly in normal cells. In the Drosophila wing disk, oncogenic
Ras clones rapidly expanded and sustained high growth despite
compressive stress due to their resistance to apoptosis. To alleviate
this stress and create space for their own growth, Ras MT clones
instead compressed and activated apoptosis in neighboring WT
cells, even up to several cell diameters away from the MT clonal
boundaries (Levayer et al, 2016). Supercompetition resulting in field
cancerization, or the vast expansion of MT clones, has also been
shown in mammalian systems such as the normal mouse esopha-
geal epithelium wherein loss of Notch signaling generates MT
winners that rapidly expand and drives adjacent WT progenitors to
differentiate (Alcolea & Jones, 2015) (Fig 2B) (Table 1). Similarly,
UV-exposure in the normal mouse epidermis (Murai et al, 2018),
and ionizing radiation (IR) in the normal mouse esophageal epithe-
lium drove clonal expansion of progenitors with GOF p53 mutations
that outcompete and proliferate at the expense of their WT

© 2021 The Authors

neighbors that terminally differentiate and slough off (Murai et al,
2018; Fernandez-Antoran et al, 2019). These studies highlight how
various stressors act as selective pressures that shift selection away
from WT cells and skew toward MT clones. This may lower tissue
fitness overtime, decrease EDAC-like CC strength, and result in
malignancy.

Many genes shown to generate supercompetitors are known
tumor suppressors or oncogenes: Myc (Claveria et al, 2013; Di
Giacomo et al, 2017; Diaz-Diaz et al, 2017), JAK-STAT (Rodrigues
et al, 2012), Notch (Alcolea & Jones, 2015), YAP/TAZ (Hashimoto
& Sasaki, 2019; Liu et al, 2019b; Moya et al, 2019), Ras (Moreno
et al, 2019), APC (Flanagan et al, 2021; van Neerven et al, 2021;
Yum et al, 2021) and p53 (Murai et al, 2018; Fernandez-Antoran
et al, 2019). Tumor cells behave as supercompetitors due to their
growth, proliferation, and survival advantages. This was shown
experimentally using tumorigenesis models in Drosophila epithelia
by generating supercompetitors that were EGFR-overexpressing
(Eichenlaub et al, 2016), or that were hyperactive in Wnt signaling
with increased YAP expression due to deletion in the tumor suppres-
sor gene, APC (Suijkerbuijk et al, 2016) (Fig 2B). In both scenarios,
mutant supercompetitors generated aggressive tumors, and tumor
growth depended on apoptotic elimination of surrounding WT
neighbors (Eichenlaub et al, 2016; Suijkerbuijk et al, 2016). EGFR-
overexpressing winner cells engulfed losers and resulted in tumor
cells with additional polyploidization and faulty epithelial polarity.
These tumor cells were more aggressive with enhanced metastatic
capacity (Eichenlaub et al, 2016). Thus, engulfment may provide
nutrients and metabolites to winners to sustain their high growth
and proliferation demands. It is noteworthy that signs of entosis, or
the engulfment of live cells, have been observed in human tumors
(Sun, Luo et al, 2014).

APC™/~-driven supercompetition was recently uncovered as an
active mechanism in human intestinal stem cells to achieve mutant
clonal expansion (Flanagan et al, 2021; van Neerven et al, 2021).
Notably, the APC tumor suppressor gene is mutated in nearly 80%
of human colon cancers (van Neerven et al, 2021). In corroboration
with findings from Drosophila (Suijkerbuijk et al, 2016), APC™/~
mutant intestinal stem cells derived from both mouse and human
tissue acted as supercompetitors and outcompeted WT neighbors in
3D organoid cultures (van Neerven et al, 2021). APC™/~ supercom-
petitors secreted WNT antagonists that decreased growth and
induced differentiation of adjacent WT stem cells (as opposed to
apoptosis in Drosophila). This supercompetition resulted in large

The EMBO journal  40:e107271]2021 9 of 15



The EMBO Journal

Taylor M Parker et al

A
Tumor mass contains clones Tumor with dominance of Tumor with dominance of
of different fitness chemosensitive clones chemoresistant clones
Chemotherapy Chemotherapy
Heterogenous clones Chemotherapy Chemoresistant Chemoresistant
co-exist in the absence of induces apoptosis of winner clones induce winner clones replace
selection pressure weaker clones a second wave of apoptosis chemosensitive cells
and replace loser clones
B Chemotherapy induces Cells accumulate de novo mutations Dominance by
selective pressure. and/or gene expression changes. chemoresistant winner clones
New clones to engage in CC.
Chemotherapy (\
@ @ Non-resistant
cells (dead)
Resistant cells
Resistant cells with Resistant cells with de novo
de novo Loser mutations/  with no changes ~ Winner mutations/
transcription transcription
C Chemotherapy
@ o o
LOW LoOwW @
Src — FAK— -catenin Src — FAK — -catenin >
_—
Chemotherapy @ @
p-catenin
fithess comparison
in surviving cells HIGH
@ Src — FAK— p-catenin
HIGH HIGH
Src — FAK— f-catenin Src — FAK— f-catenin
y 1 DNA REPAIR 1
Figure 3.
10 of 15  The EMBO journal ~40: €107271 | 2021

© 2021 The Authors



Taylor M Parker et al

Figure 3. Cell competition in resistance to chemotherapy.
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(A) Tumors harbor therapy-resistant subclones. Chemotherapy results in massive cell death, which frees space for resistant clones to grow. Resistant cells now engage in
competition-based elimination of less-fit cells and generate a more aggressive, “superfit” tumor. (B) Chemotherapy regimens induce large-scale mutations and gene-
expression changes that can eliminate most non-chemotherapy-resistant cells. However, in a small population of surviving chemotherapy-resistant cells, de-novo
mutations and gene-expression changes pertinent to cell competition occur as a result of chemotherapy-induced selection pressure. These distinct populations can now
engage in cell competition, and a single population is expected to be clonally dominant in the relapsed tumor. (C) An example of selection of a chemoresistant
population with greater fitness. Src-induced FAK/B-catenin activity results in chemotherapy resistance. Upon chemotherapy, chemosensitive cells are eliminated and
remaining cells may undergo cell competition based on B-catenin activity, in which cells with higher p-catenin activity function as winners. This ultimately would

generate a tumor with strong chemotherapy resistance.

intestinal adenomas in Apc™/~ mice, but outcompetition was
negated upon disruption of WT stem cell sensitivity to secreted
WNT antagonists via pharmacologic or genetic intervention (Flana-
gan et al, 2021; van Neerven et al, 2021). Findings from these stud-
ies highlight a conserved mechanism of CC between mutant and
wild-type cells that dictates clonal selection and fuels tumorigenesis.
In further support, intestinal stem cells carrying common colon
cancer-associated mutations in either Kras or Pik3ca were also
shown to outcompete their surrounding normal neighbors in mouse
intestinal crypts. MT Kras or Pik3ca crypts secreted BMP ligands
that restrained stem cells and increased differentiation rates in WT
crypts. MT crypts further manipulated their environments by induc-
ing normally supportive proximal stromal cells to instead secret
WNT inhibitors that additionally drove stem cell differentiation.
Importantly, the MT cells were not as vulnerable to WNT inhibitors
and maintained high turnover, cementing the competitive advan-
tages of MT clones over WT neighbors (Yum et al, 2021). Thus, CC
appears to underlie tissue remodeling efforts by MT cells to facilitate
expansion and possibly, eventual tumor progression.

Additional data from human cancers suggest that supercompeti-
tive Myc-high tumor cells change the tumor microenvironment by
inducing apoptosis in their neighboring stromal cells with relatively
lower Myc expression (Di Giacomo et al, 2017). Myc-overexpressing
cells outcompete and eliminate low-Myc cells via apoptosis (Moreno
& Basler, 2004; Claveria et al, 2013). Human cancers bear a striking
resemblance to this mechanism as cancer cells frequently express
higher levels of c-Myc compared to stromal cells, which correlates
with increased cleaved caspase in the stroma (Di Giacomo et al,
2017) (Fig 2B). There is additional evidence that tumor cells can
manipulate stromal cell fate by taking advantage of CC fitness finger-
print mechanisms (Madan et al, 2019b). Various human cancers
were shown to express high levels of hFwe™™ isoforms in the tumor
tissue and hFwe'°* isoforms in the stroma, which displayed signs of
apoptosis (Madan et al, 2019b) (Fig 2B). In vivo testing of fitness fin-
gerprints in tumorigenesis by implantation of hFwe"™expressing
human breast cancer cells into hFwe'**®-expressing mammary tissue
in mice generated large, aggressive tumors. In contrast, implantation
of hFwe'** cells into a hFwe"™" tissue background failed to develop
into tumors. These findings align with those obtained from YAP/TAZ
mediated CC in liver cancer (Moya et al, 2019), supporting that tissue
fitness and CC between the tumor and the surrounding microenviron-
ment directly impacts tumorigenesis. Additionally, the stroma of
many cancers shows high expression of SPARC, a protein upregu-
lated in loser cells in response to CC, including in Flower-fitness
mechanisms (Petrova et al, 2011). This further indicates active CC
occurs between confronted cancer and normal cells, and outcomes of
this competition may very well alter the fate of the cancer.

© 2021 The Authors

Tissue architecture in the tumor microenvironment presents
opportunities of mechanisms involving or resembling mechanical
CC to affect oncogenic development (Fiore et al, 2020). One charac-
teristic of aggressive cancers is their ability to grow uncontrollably
and invade neighboring tissues, which is only possible when tumors
overcome spatial constraints, potentially due to mechanical CC
between tumors and their surrounding tissue. As an example, basal
cell carcinomas (BCCs), a slow growing, typically non-metastatic
cancer (Crowson, 2006), grow in “buds”, possibly due to softening
and remodeling of the basement membrane, whereas invasive squa-
mous cell carcinomas (SCCs) grow in bidirectional “folds”, possibly
due to membrane stiffening. Thus, the differential biophysical and
biomechanical properties of the basement membrane that is posi-
tioned directly below the layer of basal epidermal progenitors that
give rise to BCCs and SCCs can act differently in these cancers
resulting in different architectures (Fiore et al, 2020) (Fig 2B). These
different mechanical forces pervasive throughout the stratified
epidermis act on the tumor cells and impact the invasive potential
of epidermal progenitors at the tumor-stroma border.

Intratumoral competition
Tumors are heterogeneous masses containing distinct cancer and
non-cancer cells that must compete for space and resources under
the selective pressures exerted by their environments (Lu et al,
2012). While early tumors consist of relatively homogenous cell
populations, intrinsic genomic instability of cancer cells along with
various microenvironment and “host” defense factors introduce
widespread heterogeneity of cancer clones (Greaves & Maley, 2012).
In heterogeneous tumors, after an initial phase of uniform growth of
various subclones, a phase of rapid expansion follows where one or
two clones emerge at the cost of others, indicating that the selection
of dominant subclones is a time-dependent process (Gao et al,
2016). We hypothesize that CC between tumor cells results in the
selection of the distinct clones that harbor distinct fitness advan-
tages (Fig 2C). For example, human tumors show heterogeneous
expression of Myc (Gupta et al, 2017) and human cancer cells with
high c-Myc outcompete cancer cells with low c-Myc (Patel et al,
2017). Similarly, it was recently shown that YAP protein expression
is highly heterogeneous in glioblastoma. Differential YAP expression
between glioma cells results in clonal dominance of high-YAP cells
and apoptosis of low-YAP cells and an overall more aggressive
tumor (Liu et al, 2019b). These findings directly show how CC
between different clones can potentially exacerbate oncogenic
growth by dominance of more competitive clones.

The primary intrinsic driver of intratumoral heterogeneity (ITH)
is the stepwise accumulation of somatic mutations in parental
clones, followed by subclonal branching, a term that defines clones
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with additional mutations that are different from the parental clone
(Nowell, 1976). ITH also results from the various stromal cell types
including immune cells as well as the extracellular matrix (Ramon
et al, 2020). Next generation sequencing technologies and mathe-
matical modeling have shown that principles of population genetics
also apply to the evolving tumor, whereby multiple clones may
emerge from an initial genetic event, similar to the allelic variation
in a population (Hu et al, 2017). Therefore, neutral drift and
stochastic processes (Mao & Wheldon, 1995; Ling et al, 2015;
Williams et al, 2016)-terms that define the gradual emergence of
new variants in a population and may cause new clones to emerge,
some of which have altered CC potential. This is in contrast with a
Darwinian model of tumor evolution where mutations that are
beneficial to the tumor are selected for and are often a result of
selection bottlenecks such as chemotherapy, hypoxia and other
microenvironment factors (Gerlinger & Swanton, 2010; Polyak,
2014; Lloyd et al, 2016). Regardless of the genetic principles that
lead to the emergence of new clones, the dominance of the result-
ing tumor by cells bearing winner mutations or gene-expression
changes suggests that CC-based selection of clones occurs during
tumor evolution.

The variable access to space and nutrients by cancer clones intro-
duces competition between subclones based on spatial partitioning
of the clone within the tumor. In addition, tumor cells must adapt to
selective pressures such as hypoxia, and chemotherapy (Ramon
et al, 2020). We have previously speculated that many of these
hypoxia-induced metabolic and transcriptional changes that result
in gain of aggressive phenotype have potential to crosstalk with CC
pathways and thus fuel clonal evolution and heterogeneity (Madan
et al, 2020). In one example of crosstalk, hypoxic zones frequently
harbor mutant p53 clones that boost tumor aggressiveness (Madan
et al, 2019a), meanwhile MT p53 status has been associated with a
winner phenotype in various epithelia (Murai et al, 2018;
Fernandez-Antoran et al, 2019). Possibly, hypoxic MTp53 clones act
as winners that outcompete WTp53 clones, further manipulating
clonal evolution and tumor aggression.

In the following subsection, we discuss potential CC pathways
that may be activated as a result of chemotherapy and confer
winner status to cancer clones that successfully activate these path-
ways. We propose CC mechanisms play an essential role in clonal
selection by constantly sensing and replacing clones not conducive
to thrive in the harsh environments generated from therapy.

Cell competition and cancer therapy

Therapy is an artificial selection pressure that acts on tumor cells
and can lead to the expansion of rare clones due to intrinsic or
adaptive-resistant features (Diaz et al, 2012). Several studies have
shown that cells within the relapse-driven clone are often present as
a low-frequency subclone prior to treatment, indicating these
subclones are selected during therapy (Diaz et al, 2012; Morrissy
et al, 2016). Resistance to ibrutinib, an inhibitor of the Bruton’s
tyrosine kinase (BTK), is a compelling example of this where whole-
exome sequencing and kinetic analysis identified that ibrutinib ther-
apy led to the expansion of clones with mutations in TRAIL-R that
were initially present in low numbers, favoring the pathways which
are similar to the receptor-mediated cell death mechanism of CC in
winner cells (Burger et al, 2016). More generally, platinum agent-
based chemotherapy provides another instance of this phenomenon.
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Platinum agents are used in a wide number of cancers in combina-
tion with other chemotherapeutic drugs (e.g., FOLFOX in the colon
and pancreatic cancer) (Grothey & Venook, 2018) or alone (e.g., in
ovarian cancer) (Ledermann et al, 2018) to induce DNA damage,
thus leading to cell apoptosis (Diaz Osterman et al, 2019) (Fig 3A).
Secondly, these agents are genotoxic, and thus, cells surviving treat-
ment are likely to accumulate additional mutations enabling them to
regenerate a more aggressive tumor (Fig 3B). Therefore, mecha-
nisms underlying therapy resistance and growth of clones following
treatment-induced selective sweeps must be understood and
accounted for in therapy rationale.

Studies have reported that focal adhesion kinase (FAK) activity
leads to platinum resistance (Diaz Osterman et al, 2019). FAK is
fully activated by forming a signaling complex with SRC (Brunton
et al, 2005) and promotes nuclear accumulation of B-catenin (Chen
et al, 2012), which is associated with CC mechanisms (Enomoto &
Igaki, 2013; Akieda et al, 2019). Upon platinum therapy, subclones
harboring higher activity of FAK have higher activity of SRC (Mitra
& Schlaepfer, 2006) and increased B-catenin transcriptional activity
(Diaz Osterman et al, 2019) (Fan et al, 2019) (Fig 3C). Similarly,
subclones with GOF mutations in genes such as KRAS, NRAS and
BRAF have constitutive activation of EGFR/RAS/MAPK pathway,
and can bypass EGFR blockade and are thus resistant to cetuximab
therapy (anti-EGFR therapy) (Lievre et al, 2006). Additionally,
enhanced EGFR/RAS/MAPK signaling confers a competitive advan-
tage (Moreno et al, 2019) and would enable these clones to outcom-
pete their surrounding WT neighbors, ultimately resulting in a more
aggressive, and therapeutically resistant tumor. Similarly, increased
nuclear translocation of the CC effector, YAP, which can also be
induced by hypoxia, leads to chemoresistance (Dai et al, 2016)
again highlighting how CC pathways potentially converge with
molecular mechanisms that drive enhanced oncogenic properties of
tumors such as hypoxia and drug resistance. Chemotherapy elimi-
nates sensitive cells leaving behind clones with intrinsic resistance,
or those that adapted to survive. We hypothesize that these alter-
ations confer resistant cells different competitive status. Thus, CC
mechanisms can be involved in parallel with chemotherapy, by
selecting winner resistant clones that will establish their dominance
over loser resistant clones. Lastly, it would be of interest to better
predict the effects of therapy on competition and design therapeutic
strategies that harness CC mechanisms to shift outcomes in favor of
normal cells, and not repopulation of resistant oncogenic clones. In
vitro modeling showed that treatment of normal human squamous
cells with antioxidant or growth factors enhanced their fitness and
they obtained the ability to outcompete Barrett’s esophagus cells
(Merlo et al, 2011). Similarly, antioxidant loading prior to irradia-
tion of the mouse esophagus thwarted outcompetition of normal
cells by MT-p53 progenitors and instead promoted normal cell
proliferation (Fernandez-Antoran et al, 2019). Moreover, disruption
of supercompetitor oncogenic mutant clonal expansion and tumor
growth was achieved by reversion of loser status of surrounding
WT neighbors through the disabling of competition by secreted
factors (Flanagan et al, 2021; van Neerven et al, 2021). In
summary, we propose that cancer therapy could potentially provoke
unchecked CC and generate more aggressive tumors. However,
there is potential to tilt the fate of CC by manipulation of the
microenvironment and herein lies the power of CC that we argue
should be taken into account in therapeutic rationale.
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Summary

In the current review, we discuss the classical and novel pathways
involved in cell competition and their roles in cancer. Many CC
genes such as TPS53, Myc, Hippo signaling components YAP/TAZ,
and others are repurposed by cancers to attain growth and survival
advantages. These models elucidate key pathways such as cancer
growth (Di Giacomo et al, 2017), cell death (Moreno et al, 2002),
and loss of polarity (Merino et al, 2015) in CC-driven oncogenesis.
Intratumoral competition is an inevitable facet of tumor biology,
and results in enhanced tumor aggressiveness and complicates ther-
apy. But lessons learned from CC studies may provide important
insights into how cancer cells compete with each other and normal
cells to overtake tissue space, particularly under the pretense of
various microenvironment pressures. Recent studies presented in
this review led us to postulate that tumor heterogeneity, and
chemotherapy manipulate CC mechanisms to select for mutations
that confer a supercompetitor phenotype and result in a more
aggressive tumor. A better understanding of CC directly in drug
resistance, which plague clinical interventions, is therefore highly
important to better our understanding of cancer biology. But first,
many fundamental questions in CC remain, such as fitness recogni-
tion mechanisms, alteration of cell fitness, and more comprehensive
studies of how these homeostatic mechanisms are altered during
cancer initiation and growth.
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